Coatings of plasma sprayed hydroxyapatite (HAp), widely used in reconstructive surgery and dental implants, were characterized using conventional laboratory X-rays for near-surface investigation. Subsequent to spraying, the samples were incubated in simulated body fluid for periods varying from 1 and 56 days. Quantitative phase analysis, employing TOPAS software, showed an opposite trend in the two main phases in the coating viz. HAp and tetracalcium phosphate (TTCP). The former increased within the first seven days of incubation whilst the latter decreased during the same period; however both phase stabilized with further incubation.
INTRODUCTION
Hydroxyapatite (HAp, Ca 10 (PO 4 ) 6 OH 2 ) due to its similarity to the mineral component of the bone, is widely used in biomedical applications. Applications range from artificial eye (Colen, 2000) in non-load-bearing to hip and dental implants for improved biological fixation in load bearing application. However, its poor mechanical properties such as its brittleness, limits bulk utilization of HAp in the latter. In such applications, the material is the plasma, melts and thermally decompose powder (Yang et al., 1995) resulting in reduced crystallinity (Gross et al. 1998 ) and introduction of undesirable metastables phases respectively.
The latter includes such phase as tricalcium phosphate (TCP), tetracalcium phosphates (TTCP) and calcium oxide. These phases have shown to be more soluble in simulated body fluids (Ducheyne et al., 1993) , hence may compromise the stability and integrity of the coating (Klein et al, 1994) . Additionally, differences in thermal expansion coefficients of the coating and substrate materials, leads to the development of residual stresses on cooling (Matejicek et al., 1999) . Although significantly biological performance has been achieved (Habibovic et al 2005) , problems regarding long-term mechanical stability still persists. In this work, laboratory X-rays, having shallow penetration depth, will be employed to study near-surface region changes induced by spraying as well as subsequent incubation process. The interplay between the different factors such as crystallinity, phase composition and stress will also be investigated.
SAMPLE PREPARATIONS
Hydroxyapatite powder, CAPTAL 90 batch P215 with size distribution of 120± 20 m, was plasma sprayed on medical grade Ti-6Al-4V alloy supplied by Biomaterials Limited, North Yorkshire, UK. The powder was supplied by Plasma Biotal Ltd, Tideswell, UK. Disc of 5 mm in thickness cut from the 20 mm diameter rod were grit-blasted with alumina particles of irregular shape with sizes ranging between 0.5 and 1 mm for improved adhesion. The substrates were then The morphology of the grain was irregular in shape as shown by electron micrograph in Figure   1a . A closer examination shows that the grains are conglomerate of small crystals, hence have porous microstructure, see Figure 1b . The substrates were sprayed under atmospheric conditions using a PT M-1000 system equipped with a Sulzer Metco F4 MB plasmatron. No external medium was applied to the coating-substrate system for cooling. The powder was injected externally into the plasma normal to the direction of plasma plume axis with the torch held at 90 mm from the substrate. A mixture of hydrogen and argon gases was used to provide the plasma heat. The latter was also used as the carrier gas to transport the powder into the plasma. Details of the coating parameters at spray distance of 90mm are shown in Table I . 
Incubation experiment
To mimic in vivo changes induced within the physiological environment, the as-sprayed samples were subsequently immersed in revised simulated body fluid (rSBF). The solution was based on Kokubo's formulation (Kokubo et al., 1990 
where A is the coated area, to be immersed in the solution. After incubation, the samples were rinsed with deionised water and dried at 100 ºC for 24 hrs.
EXPERIMENTAL

Morphology and Phase identification
The morphology of the starting powder and deposited layers were investigated by scanning electron microscopy. X-ray diffractometry was used for phase identification. Measurements were carried out using BRUKER's D8 Advance diffractometer in parallel beam geometry with the scattered beam collected using a Lynx eye detector. Measurements were carried out with 8 keV Cu radiations. Data analysis for qualitative and quantitative phase identification were done using both BRUKER's Eva v13 (Diffrac plus , 2007) and TOPAS v4.2 (Coelho, 2007) softwares, respectively. The latter was also utilized for crystallinity examination.
Stress/strain determinations
The effect of stress on a polycrystalline sample is a change in the lattice spacing of the diffracting lattice planes, which in 0 and 1-D diffractometry is characterized by a shift in the corresponding diffraction peak position. In 2-D X-ray diffraction (2D XRD), the presence of residual stresses is indicated by the distortion of the corresponding Debye rings. The theory of stress determination employing 2D XRD is well documented (He et al., 2003) . The strain tensor  ij , determined in the sample coordinate system S 1 S 2 S 3, with sample orientation (,, ), and distortion of the diffraction ring in a particular direction (, 2) 
where f ij are the strain coefficients, and 0 sin ln( ) sin   is the diffraction cone distortion for a particular (, 2) position,  0 is the peak position for a stress free material. 
where p ij are constants. The above equation can be reduced further in the case of a biaxial stress state. Stress/strain tensor investigations were carried out using BRUKER D8 GADDS diffractometer located at NECSA's X-ray diffraction laboratory. The beam optics included graphite monochromator and a 0.8-mm diameter collimator on the primary side with the diffracted beam collected using High Star 2-dimension detector. A laser-video alignment system, with accuracy of within 20m, was used for sample positioning. Measurements were performed with Cu K radiation in side-inclination mode (Noyan.,1987) , the penetration depth of which is given by
where  is the Bragg angle,  the tilt of the sample, and  the linear absorption coefficient. Due to shielding of the detector at high sample tilt angles, measurements were limited to maximum tilt angle of 77 in 2. 
Data analysis
The diffraction data were analyzed using BRUKER's LEPTOS software (Diffrac plus Leptos, 2008) . The software first bins the Debye ring into slices of required width and thickness.The sliced data are then reduced into Cartesian format and -integrated into a 1-D diffraction profile.
The profile peaks are then fitted with a function of choice for the determination of peak position.
The calculated peak positions from the previous step are then used in least square fitting of Equation 2 for the determination of tensor components. Figure 2 shows the electron micrograph of the as-sprayed and incubated coatings. The as sprayed surface has a typical plasma sprayed morphology characterized by glassy regions, resulting from the complete flattening and quenching of molten particles, see Figure 2a . Partially molten and unmolten particles, in the form of hemispheres, can be seen scattered across the surface. Cracks induced by residual stresses, can also be seen running across the coating surface. Within the first 7 days of incubation, the surface shows an increased roughness, see Figure 2b , with the partially molten and unmolten particles as well as the glassy regions disappearing. This is due to dissolution of loosely bound particles and thermally decomposed phase. a b plasma temperature. It can be seen that, within the first day of incubation, the calcium oxide peak at ~ 37° in 2, has disappeared whilst a decrease in the intensity of the tricalcium phosphate and tetracalcium phosphate peaks indicated by the solid and dashed arrows in the figure is noticeable. The two major phases, HAp and TTCP, show an opposite trend. In the former, the weight percent increases from 65.94  0.4 to 81.83  0.33 % within seven days followed by a gradual decrease before saturating at ~ 69% whilst that of TTCP phase decreases from ~16 to ~8.0 % in the same period followed by a slight increase before saturation around 19%. The apparent increase in HAp after seven days of incubation is due to high dissolution rates of the thermally decomposed phases leaving behind the more stable HAp. Studies by Radin and Ducheyne (1992) have shown that the thermal decomposed products dissolve faster as compared to the original crystalline HAp. The latter have reported nearly two orders of magnitude in dissolution of sprayed coatings as compared to the starting powder. The dissolution rate increases in the following order (Sun et al., 2002 )
RESULTS AND DISCUSSION
where the acronyms ACP and DCP refer to amorphous calcium phosphate and dicalcium phosphate, respectively. The reduction in HAp observed at intermediate periods can be attributed, either a high dissolution of HAp after the seven days, which according to Equation 5 is not possible or the existence of a phase composition gradient within the layer thickness. The ISSN 1097 latter is likely the case as a result of a possible temperature gradient created during spraying.
Such a gradient will have implications on the phase composition of the coating. The dissolution of the outer regions of the coating will expose such a depth dependence of the phase as it removes these regions of the coating. However, Fazan et al. (2000) have shown that the dissolution process does not continue monotonically with incubation time. At some point a maximum is reached from which it starts declining or remains constant. A saturated solution nucleates and precipitates, forming bone-like apatite nanocrystals on the coating surface as shown in Figures 4c and 4d . This has a "blanketing" effect on the dissolving ions, reducing or inhibiting further dissolution, as illustrated by the plateau of both phases at longer immersion periods i.e. 28 days and longer. Crystallinity Figure 5 shows the variation of crystallinity with incubation time. The starting powder had 99.85 % crystalline, which upon spraying became slightly amorphous at 90.5%. This is attributed to quenching effect of the splat whereby the individual atoms or molecules are "frozen" on impact before rearranging themselves into crystalline pattern. As with HAp weight fraction, the crystallinity increases from 90.5% to maximum of ~98% within the first 7 days, before decreasing and saturating at 81% after 56 days of incubation.
Amorphous calcium phosphate, being one of the more soluble phases, see Equation 5, dissolves quickly leaving a more crystalline coating. Again the behavior of the pattern follows the same explanation as that of phase composition. Figure 6 show the residual stress tensor of HAp coating incubated for varying times. The stress tensor components were calculated using X-ray elastic constants of hydroxyapatite, S 1 = -2.48*10 -6 MPa -1 and 1/2S 2 = 11.5*10 -6 MPa -1 (Nye, 1957) the as sprayed coating, relaxing to 21.2 MPa after 28 days of incubation. The theoretically expected tensile stresses have also been reported by other authors, both Brown et al (1994) and Sergio et al. (1997) , although employing different techniques, recorded the tensile stresses. The observed relaxation of the normal stresses can attributed to an increase in porosity density as well as open volume defects resulting from dissolution.
Residual stress
CONCLUSION
Near surface in vitro studies of HAp coatings, penetration depth <10 m, were carried out mainly using X-ray diffractometry. Results showed that the first seven days of coating immersion, are dominated by the dissolution of thermally decomposed products as illustrated by significant changes in phase composition and coating crystallinity. This in turn leads to relaxation of residual stresses. The intermediate period, i.e. between 7 and 28 days of incubation, showed reversed process in which case the solution precipitation dominates. During this period very little dissolution occurs due "shielding" effect of the underlying sprayed coating by the precipitate layer.
